Auditory distance perception is a crucial component of blind listeners′ spatial awareness. Many studies have reported supra-normal spatial auditory abilities among blind individuals, such as enhanced azimuthal localization (Voss et al., 2004) and distance discrimination (Kolarik et al., 2013) . However, it is not known whether blind listeners are better able to use acoustic information to enhance judgments of distance to single sound sources, or whether lack of visual spatial cues prevents calibration of auditory distance information, leading to worse performance than for sighted listeners. Blind and sighted listeners were presented with single, stationary virtual sound sources between 1.2 and 13.8 m away in a virtual anechoic environment simulated using an image-source model. Stimuli were spoken sentences. Sighted listeners systematically underestimated distance to remote virtual sources, while blind listeners overestimated the distance to nearby virtual sources and underestimated it for remote virtual sources. The findings suggest that blind listeners are less accurate at judging absolute distance, and experience a compression of the auditory world, relative to sighted listeners. The results support a perceptual deficiency hypothesis for absolute distance judgments, suggesting that compensatory processes for audition do not develop among blind listeners when estimating the distance to single, stationary sound sources.
INTRODUCTION
Many studies have shown that blindness can be associated with either enhanced or degraded auditory abilities (see Collignon et al., 2009, and Voss et al., 2010, for reviews) . Spatial auditory perception is often improved among blind participants, and supra-normal performance has been reported for abilities such as auditory azimuthal localization (Lessard et al., 1998) and distance discrimination (Voss et al., 2004; Kolarik et al., 2013) . Compensatory processes have been proposed to underlie enhanced performance and there is evidence that areas of the brain responsible for visual processing may be functionally recruited in blind participants to perform auditory tasks (Voss and Zatorre, 2012) . However, some studies have shown that blindness can result in poorer performance than normally-sighted participants for certain auditory spatial tasks, such as vertical sound localization (Zwiers et al., 2001; Lewald, 2002) . These findings lend support to a 'perceptual deficiency' hypothesis (Axelrod, 1959 ) that loss of sensory information in one modality can prevent accurate calibration of information in the remaining modalities.
The ability to make absolute distance judgments for single, stationary sound sources has not yet been investigated for blind participants. Numerous studies have shown that normally-sighted participants are fairly accurate at judging distance to sound sources that are approximately 1 m away, but underestimate distances to remote sound sources (see Zahorik et al., 2005 for a review). In anechoic environments, the main parameter influencing absolute distance estimation is sound level (Coleman, 1963; Mershon and King, 1975) , which falls by 6 dB for each doubling of the source distance. Higher-level sound sources are judged to be closer than lower-level sources. The aim of the current experiment was to compare the accuracy of virtual distance judgments for sound sources in a simulated anechoic environment for sighted and early-onset blind participants, to investigate whether blind participants are able to accurately calibrate their representation of the auditory world in far space as well as normally sighted participants.
Methods

Participants
Two groups of participants were tested: an early-onset blind group (n = 5, 2 females, mean age 50 years, range 38-62 years), and a sighted group (n = 6, 4 females, mean age 42 years, range 32-57 years). Early-onset is here defined as onset of visual loss occurring within 5 yrs of birth. Table 1 shows details of the blind participants, who either had complete visual loss or remaining light perception only, matching categories 4-5 of the World Health Organization (1989) classification. The sighted group all reported normal or corrected vision. All participants had hearing within normal limits, defined as better-ear average (BEA) hearing thresholds equal to or less than 25 dB HL for frequencies of 500, 1000, 2000 and 4000 Hz. Participants received payment for taking part. Informed consent was obtained from all participants. The research was approved by the Anglia Ruskin Research Ethics Panel. 
Materials
Stimuli and the response interface used by the experimenter to record verbal responses from the participant were programmed using MATLAB software (Mathworks, Inc.) on a Lenovo T420 ThinkPad laptop. An ESI UGM96 sound card was utilized for signal generation. The sampling rate was 22500 Hz. Sounds were presented using Sennheiser HDA200 headphones, which provided attenuation of external sounds in the environment by up to 30 dB. Blind participants were tested in quiet conditions, and normally-sighted participants were tested in a sound-isolated, double-walled chamber.
The methods used to generate the stimuli were similar to those described in Kolarik et al. (2013) . An imagesource-model (ISM, Lehmann and Johansson, 2008) was used. The ISM model generates a synthetic room impulse response (RIR) between a source and a receiver separated by a specified distance. When the RIR is convolved with a sound sample, a virtual sample of the original sound as heard from the specified distance away in the virtual room is produced. As the simulated room was anechoic, the RIR simply represented sound transmission from the source to the two ears of the participant. This transmission was based on head-related transfer functions (HRTFs) obtained from the set of measurements of Gardner and Martin (1995) . These measurements were made using a Knowles Electronics Manikin for Acoustics Research (KEMAR), recorded under anechoic conditions. These were chosen as they have been previously utilized in two studies that have investigated the effect of visual losses on spatial hearing (Voss et al., 2011; Kolarik et al., 2013) . Although the measurements were made for a fixed sound source distance of 1.4 m from the manikin and the virtual distances tested in the experiment ranged from 1.2-13.8 m, HRTFs are approximately equal for source distances greater than 1 m from the participant (Otani et al., 2009) . A previous study that also investigated the auditory distance perception of speech for sighted participants used HRTFs for a fixed distance of 1 m from the participant (Brungart and Scott, 2001) .
Each stimulus consisted of a sentence spoken by a male that was randomly obtained from the BKB corpus (Bench et al., 1979) . Sentences were presented at 0° azimuth originating from a simulated source in front of the participant at a height of 1 m, at virtual distances from the participant of 1.2, 1.7, 2.4, 3.5, 4.9, 6.9, 9.8 and 13.8 m, presented in random order. The mean presentation level was 66 dB SPL (unweighted) for a virtual distance of 1 m from the participant, and the level decreased with increasing distance.
Procedures
Prior to the experiment, each participant was instructed to imagine that a loudspeaker was placed directly in front of them, and that their task was to report the apparent distance of the sentence reproduced by the loudspeaker in meters and cm, or feet and inches, depending upon their preference. Normally-sighted participants were instructed to close their eyes. If the participant perceived the sound to originate within the head they were instructed to report a distance as 0 meters or feet. Participants did not receive training or feedback, or restrictions upon response time. Verbal responses were recorded by the experimenter using the response interface. Ten repetitions were made for each of the 8 virtual distances, so that 80 trials were run in total.
Results
Apparent distance judgements for sighted and blind participants are shown in the left and right panels of Figure 1 respectively. No zero distance values were reported, indicating that all participants perceived the sounds to be outside of the head. For sighted participants, accuracy was highest for closer virtual sources, and the distances of remote virtual sources were progressively more underestimated as virtual distance increased. Blind participants overestimated distances for the closer virtual sources, and underestimated distances for remote virtual sources to a greater extent than sighted participants. Linear fits to the data on logarithmic coordinates gave a steeper slope for the sighted group (slopes are shown in the top-left corner of each panel). A regression analysis showed a significant difference between the blind and sighted groups (t(12) = 11.13, p<0.01). 
Discussion
The results show that early-onset blind participants are less accurate at making judgments of virtual auditory distance compared to normally-sighted participants. The representation of far space for blind participants is more compressed. These results support the perceptual deficiency hypothesis (Axelrod, 1959) , and suggest that visual information is needed to calibrate representations of auditory distance in far space.
Normally-sighted participants were most accurate for closer virtual sources and underestimated distances to remote virtual sources (see Figure 1) , consistent with the findings of previous studies (see Zahorik et al., 2005 , for a review). Previous work on relative auditory distance perception has shown that blind participants are better able to discriminate the distances of two sound sources than sighted participants (Voss et al., 2004; Kolarik et al., 2013) . However, the current study shows that, for absolute distance judgments of single sound sources, performance is worse for blind than for normally-sighted participants. These results suggest that auditory space beyond blind participants' peri-personal environment, where sensory-motor feedback cannot be used to calibrate auditory space (Voss et al., 2004) , is not represented accurately without the use of a visual signal. As a result, perceived auditory distance is compressed among early-onset blind individuals for sound sources presented in an anechoic environment.
Studies of perceived distance among sighted participants have shown higher accuracy for speech stimuli than for noise stimuli, as participants may use their familiarity with the acoustic characteristics and variability of speech stimuli to enhance the accuracy of their distance judgments. Brungart and Scott (2001) showed that the production level of speech also influenced perceived distance among sighted participants. Perceived distance to sound source also depends on the acoustic characteristics of the room, and Bronkhorst and Houtgast (1999) showed that sighted participants judged noise sources to be further away in a virtual reverberant room than in a virtual anechoic room. Further work is needed to establish whether the compression observed for blind participants' representation of far space occurs generally, or if the effect is dependent upon sound stimulus, acoustic environment, and which distance cues are available. In the current study, the participants were constrained to use level cues only. Alternative cues may be available depending on the environment: direct-to-reverberant ratio (D/R) is a major distance cue in reverberant environments (Mershon and Bowers, 1979; Zahorik, 2002 ), binaural interaural time and level differences may provide distance cues for close sound sources, and attenuation of high-frequency sounds by air absorption can allow spectrum information to be used as a cue to distance for very remote sound sources (see Zahorik et al., 2005 , for a review of acoustic distance cues).
The current findings may have important clinical implications for individuals with dual visual and auditory losses who utilize hearing aids. Hearing aids are designed for sighted participants with impaired hearing (Simon and Levitt, 2007) , and their design is predicated on the principle that improvement of the audibility of speech is the main priority (Gatehouse and Noble, 2004) . Any distortion of spatial cues arising from hearing aid processing, such as alteration of absolute level or of interaural level, is assumed to be compensated by good visual capability (Simon and Levitt, 2007) . Hearing aids with amplitude compression provide high gain for low-level sounds while reducing gain for high-level sounds, to increase the audibility of weak sounds without making intense sounds uncomfortable (Moore, 2008 ). However, changes in level due to hearing aid compression may be problematic when level is used as a distance cue, and compression may decrease D/R by reducing gain for high-level direct sound while providing high gain for low-level reverberant sound, leading to an increase in perceived distance. Our findings suggest that blind participants are less accurate than sighted participants at judging distances to single sound sources using level cues in anechoic conditions. This reduced accuracy in judging auditory distance may be worsened by any alteration in level (or D/R in reverberant environments) caused by hearing aid compression for blind participants wearing hearing aids, although this has yet to be determined.
